Superstring Amplitudes
MHYV and Beyond
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Parke-Taylor amplitude (1986):
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112123"134"a...aIN 1"

Aym (1,2 ,3",...,N*)= |

Corrections from string theory ?. C string

l I + - | 1 | | + +
A2 .8, ,NT)= 11 Z1, Qv Aym(1,2,38",...,N")

+0("")
Qs = S1S
Qs = S1Sp + SpS3 + S3S4 + S4S5 + s5s|1 + 1(1,2,3,4)
Q6 = {S1S2} ! {s1S4} + {t1to} + | l(k,l,m,n)

k<l<m<n< 6

St.St., Taylor (2006)



generic N:

ko

| k; n!

kg

= o trF?




N-particle scattering kinematics: ki2 — O, kl + ... kN =0
[T, ="' (ki + Ki+1 + 448 Kj4n)?, n=1,...1—"#1 kan$k

"L, ) =4it 2 ki kK KE = [ ]m " [mn]tni" #!ij "[jm ]mn"[ni]

N" Nll

Qv = {[L[2L} ! {[L[2h..} + I (k,1,m,n)
k=1 k=3 k<l<m<n<N

{ |[1]|N7# 2|[N7 + 1]| N 4 2} N > 4 even

{l[l]IN!25|[N;—1]IN!23} N > 5 odd

uniquely fixed by: ¥ cyclic invariance
¥ soft-limit

¥ collinear limit

this form agrees with  planar QCD all-plus amplitude AN 1
(no cuts and multi-particle poles appearing)
one-loop all-plus FT = tree-level MHV STTH

St.St., Taylor (2006)




Physics:
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from monodromies of world-sh |
St.St., arXiv:0907.2211

(N-3)! independent open string amplitudes Bjerrum-Bohr, Damgaard, Vanhove, arXiv:0907.1425



Full-fledged MHV N-gluon amplitude in superstring theory

1 I n\| #I 2 $ % " S.
A(L,...,N) = 1 2k" dun (z,s —
( ) | 12||| 23|| 31|| - uN ( ) roes edges Z” ZIJ
St.St., Taylor (2012)
| | I "ij #
I R P

zi =z ! z =di!erence vertex operator positions on world-she

Koba-Nielsen factor

dun (z,9) = dzg ... dzy 1z [, s =2! 7 pep
1 T A

full graphical description in terms of world-sheet trees

to each product of rational functions a tree graph can be associated:
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sum is over all

Inequivalent connected tree-graphs with vertices labelled by 3,E,N
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Partial fractioning:
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Partial fraction decomposition on rational functions
- relations between trees:
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Full-fledged MHV N-gluon amplitude in superstring theory

1 | o 3+ (kDK 1
Al,...,N)= ——— duy(z,s s
( )= ziozier @S o 12k Zikr 1k
with (N | 3)! permutations P of 4,5,..., N St.St., Taylor (2012)

1213+ ...+ (k" 1)|k] = 12343K] + ...+ 12(k" 1H(k" 1)k]

N=4:
1 - 1 123/4]
A(l,2,3,4) = d S24 S34
( )= iziogiar , d%17l™ 1zal™ oo
) 1 RICHOIPY: 1
T 11213134124" 1 (s+ u) 112'123'134"1 41"

S — S12 — 934
z7="!" ,2,=0,2z3=1 U= S14 = S23



Sugra vs. open superstring theory
QOpen superstring scattering:

1 | OB 3+ (k# DK 1

A(l,...,N)= 1121231371 dun (2, 9) 12k" Zk) 1)k

P k=4

zi =z ! z =di!erence vertex operator positions on world-she:

Koba-Nielsen factor dun (z, S)

Graviton Peld-theory scattering

M et (L. N) = ! T RTTR L) L
FTAR 112212321312 s 12k" Z(ki 1)k
!ij 11
Zjj = HEE Mason, Skinner, arXiv:0808.3907 [hep-

striking interplay between positions and spinors



Kawali-Lewellen-Tye (KLT) relations

) | from monodromie £
B | of world-sheet §

MFT(l,...,4) — S12 AYM(112;314)A_YM(1,21413)

graviton amplitude = (gauge amplitude) ! (gauge amplitude)




Supergravity graviton N-point tree-level amplitude:

MEer(L,...,N)=(! DNP3INE2 AL (1,7 (2,3,...,N ! 2),N! 1,N)

S = KLT kernel

si = !'(ki + kj)?

" SNt o3

S[H#"] Avm (L, #2,3,...,N! 2),N,N ! 1)

""SN1 o3

SII"] == S[(@2,...N! 2["@2....NI 2]
N1 2" i1 $
— Sl,j! + #(J' 1k! ) Sj! K
j =2 k=2

Bern, Dixon, Perelstein, Rozowsky (1998)

Bjerrum-Bohr, Damgaard, Sondergaard, Vanhove (2010)



Type | gauge amplitude: Mafra, Schlotterer, St.St. (2011)
- | Broedel, Schlotterer, St.St. (2013)

_ N!3 ' " "
A(t)=(!1) Zy(") S["I#] Ay m (#)
1" Sn13"" Sy o3 A
fundamental
world-sheet
Z(Y)y = 4GLHE,...,NT 2),N,N ! 1) disk integrals
! & J N
g % |Zj; |5
— V! 1 ;J:_# dzl( i<j
e =15 J Zf'(2) Zr2)"(3) -+ L(N! 3),"(N! 292" (N1 2)NENN ! 1, 4NT 1,1

D(I) = {Zjl R|O<Z!(2)<...<Z!(N!2)<l}

iterated real integral on RP 1\{ 0, 1, I } s = (ki + k)P =2 kik
; j = I J - I

disk integrals behave like SYM subamplitues: fulfill KK & BCJ relations etc.

mplitude: Taylor, St.St. (2013)

| | 4 Avm (1) ! Z (1)
Mer =(! N3 Avm (1) SITI"TAvm (M) gives rise to

1" SNt 3"" SN s

compare with gravitational field-theor

superstring /supergravity
Mellin correspondence



EYM Amplitudes from String Theory

basic building blocks for BCFW recursion relations:

1123
Al ,2 ,3)= —
( ) 123'137"
¥ I ++ \ — !12"6 + Al I _ !23"4
AL L2037 ) = 123'2131"2 AL, 2,30 )= 1122

standard Feynman diagram computation or BCFW recursion relations yields, e.g.:

13"

ALY 25.3:0 )= oagiar




Mixed amplitudes involving open and closed strings:

ODoubling trickO:

¥ convert disk correlators to the

holomorphic ones by extending the fields to

the entire complex plane

OKLT trickO:

¥ integration over complex positions of closed
string states can be  disentangled Into real
ones by introducing  monodromy phases

standard H. o N
®
® IN( 1
® 7 '
‘ _______
Z3
o °® o — ® L
X1 Xo X3 XNot 1 XN

e monodromy problem on the complex plane

N, open & NN, closed strings:

N, + 2Nc-point pure open string amplitude

St.St.

arXiv:0907.2211



Ne=1

A(1,2, ...,N! 2:0)
PN 1 " $
T ||
— sin®! sin#1” A(L..., 0" LN, LN LT N 2)
[=2 =2 T $
I‘}I#B I‘}I#Z !i
+ sin # | sin #1770 A(L,..., LN 1,1 +1,...,i,Ni +1,...,N! 2)
|:!N7"i:I+1 j=1+1
(!NE"# 2) ($NE%#1) terms Sij ! sj =2! !kikj

St.St., Taylor (2014)

relations between
# amplitudes involving  open & closed strings and
pure open  string amplitudes




Examples:

A(1,2,3;0) =sin(!s24) A(1,5,2,4,3),
A(1,2,3,4;,9) =sin(!s ) A(1,6,2,5,3,4) +sin(!s 45) A(1,2,3,5,4,6) ,
A(1,2,3,4,5;9) =sin(!s ) A(1,7,2,6,3,4,5) +sin(!s 35) A(1,2,7,3,6,4,5)
+sin[! (s36 + Sp6)] A(1,7,2,3,6,4,5) +sin(!ss6) A(1,2,3,4,6,5,7)
1 1
(in collinear limit: Knt 1 = éq, Ky = éq

take field-theory limit: yields Einstein-Yang-Mills
for any kinematical configuration

Ograviton appears as a pair of collinear gauge bosonsO
St.St., Taylor (2014)

» Aevym (17,27,3 :q" )= sy Aym (17,5 ,2°,4 ,3)

_ TP [12]*

with SYM amplitude: AYM(1+, 5~ 2ea~.8 ) =4 .
[1q](¢3][13][24]*
MHYV case: Bern, De Freitas, Wong, arxXiv: hep-th/9912033

from squares of open string amplitudes ( heterotic string )



generalization to arbitrary collinear configuration

AL 2,30 0) = - (19!2 ) 4 A(L5,2,4,3) |
(11 x) )
A1,2,3,4:04, @) = 7 sos A(L,6,2,5,3,4) + s;5 A(L,2,3,5,4,6
(1! x)
A(L2,3,4 50, %)= — S26 A(L,7,2,6,3,4,5) + 535 A(1,2.7,3,6,4,5)

+ ( Sz t 826) A(]-’ 7, 21 3’ 61 4, 5) + Ssg A(]-; 2’ 31 4, 6, D, 7)

Knt 1 = XqQ,
kn =(1! X)qQ

graviton is replaced by two gluons Ch
In arbitrary  collinear configurations o

—

St.St., Taylor (2015)

gives rise to some underlying
gauge structure
IN quantum gravity




more interesting results to appear soon
with T.R. Taylor



Concluding remarks

¥ structure of gravitenscattering-reminiseentdrom
open superstringceattering

¥ gravitonsscatteringiniPed into gauge amplitudes

¥ growingsset-ofnterconnections between
open & «losed amplitudesiwith

gaugetheoryane.supergravityy@mplittides

¥ possibledual desecription of
perturbative open: superstring theory ?



Graviton amplitudes from
gauge ampltudes

express N-graviton amplitude in EinsteinOs gravity
as collinear limits of
certain linear combinations of pure SYM amplitudes
In which each graviton is represented by two gauge bosons

no string theory !
but motivated from string theory

4
1
Aglk1,A15...;kN—1, AN—1;kN =D+ ¢, AN = +2] = lim (—) _[1_)_(1l32

[pq]—0 \ 22

x Y S[rlp] Aymlp, N-1,1,7(2,3,...,N=2),1,p(2,...,N-2),N—1,4]

T,pESN -3
(2N-2 gluons become collinear
St.St., Taylor (2014) without producing poles)



Proof:  contributions from factorization on triple pole Spq! (P 0)°

P

\ ]

N
N!l/©
1/
(N! 2)
: 4 3 l
Avywm[p,N! 1,1,1(2,3,..., N! 2),1,"(2,..., N!2),N!1q " — # i L . NE
Sng Ay, L1t pT= 2 "pot
# Aymp, ! 1", pi\l]# AymIpn,Un =+1; NI 1,1,1(2,3,..., NI 2)]i Avmld 1%, qy]= i"pq#
I ] ] - 2

# Aym[1,"(2,...,N! 2),N! L;qv,# =+1] # Aym[q ,17,! q]

yields:

Aclki, V1. knt 1PN 15 Ky e = +2]
!

= S["[# Aym [Py, Uy =+1; N! 1,1,"(2,3,...,N! 2)]

"7 SNt 3

"AymL#2,...,N! 2),N! Loy, Sy = +1]




